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ABSTRACT

Radio frequency (RF) plasma treatment is studied for the size reduction and the spheroidization of coarse particles to change

them into nano-sized powders of spherical shape in MLCC fields. The uni-nanoadditives manufactured by RF plasma processing

for high dispersion have been investigated for the effect on core-shell structure in dielectrics of MLCC. Microstructures have been

characterized using scanning electron microscope (SEM), transmission electron microscope (TEM) and Electron Probe Micro Ana-

lyzer (EPMA). We compared the distribution of core-shell grains between specimens manufactured using uni-nanoadditive and

using mixed additive. In addition, the uniformity of rare earth elements in the core-shell structured grains was analyzed. It was

shown, from TEM observations, that the sintered specimen manufactured using uni-nanoadditives had more dense small grains

with well-developed core-shell structure than the specimen using mixed additives, which had a homogeneous microstructure

without abnormal grain growth and shows broad temperature coefficient of capacitance (TCC) curves in all temperature ranges

because of well dispersed additives.
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1. Introduction

he current trend in the electronic industry has been

towards miniaturization in size and weight, and high

functionalization. In the case of the capacitor for an

electronic device, a MLCC (multilayer ceramic capacitor)

with high capacitance, small chip size, high reliability and

low fabrication cost is in demand. Especially, in order to

realize smaller size and higher capacitance, dielectric layers

of such a MLCC are getting thinner while being stacked by

a greater number. In order to produce such a MLCC having

a high capacitance with a greater number of dielectric

layers stacked on atop another, it is critical to make the

dielectric layers as thin as possible. As the dielectric layers

get thinner, a uniform microstructure has become the most

important factor in achieving dielectric properties and

reliability1).

Miniaturization of MLCC or decreasing of dielectrics

thickness requires downsizing of raw materials. Since

BaTiO
3
 and additives such as Dy

2
O

3
, MgO, Mn

3
O

4
, BaCO

3
,

SiO
2
, and V

2
O

5
 are most useful materials for MLCC, their

production and characterization have been performed by

many researchers. The most popular methods for preparing

BaTiO
3
 and additive nanoparticles are liquid phase meth-

ods such as the hydrothermal method2), sol-gel method3) and

micro-emulsion method4).

In recent research, however, preparation of nanoparticles

by thermal plasma has received little research attention5-7).

The thermal plasma method can offer the coalescence of

powders as well as the preparation of spherical nanoparti-

cles because of vaporization of powders at high tempera-

ture. RF plasma processing, one of them, originates from

the huge enthalpy available for massive evaporation and its

extremely high quenching rate for the formation of

spherical ultra-fine particles. The RF thermal plasma can

produce not only a huge high temperature flame of from

5000 to 10000K but also a relatively long residence time

that is enough to melt and evaporate the refractory

materials, such as alumina, zirconia, and titania8).

Accordingly, we can expect that the coarse particles injected

into this RF plasma flame will melt, evaporate, and then

become condensed to very fine and spherical ones

continuously. Also, we can expect that injected particles will

be converted to a unified product by the evaporation

process.

On the other hand, the recent main failure modes of

MLCC are the appearance of abnormal grain growth and

particle segregation due to agglomeration of nanoparticles.

The effects are the cause of non core-shell structure in

microstructure of MLCC.

Finally, we must obtain a homogeneous microstructure

using well dispersed nanoparticles. The objectives are the

T
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reduction of components in dielectrics and the downsizing of

powders as additives.

In the present study, the radio-frequency plasma method

has been selected for preparing uni-nanoadditives because

this method is known to be effective in synthesizing nano

powder and well-unificated powder. SiO
2
, MgO and Dy

2
O

3

are changed to uni-nanoparticles below 50nm by RF plasma

method for improvement of core-shell structure in MLCC.

The properties of core-shell structured dielectrics were ana-

lyzed.

2. Background

The plasma state is frequently referred to as the fourth

state of matter in the sequence: solid, liquid, gas, and

plasma. It consists of a mixture of electrons, ions, and neu-

tral species in local electrical neutrality. In contrast to an

ordinary gas, the free electric charges in plasma give rise to

their relatively high electrical conductivity9). 

What is the thermal plasma? It is characterized by the

particles’ high energy density and the equality between the

temperatures of the heavy particles T
h
 and those of the elec-

trons T
e
; i.e., the thermodynamic state of the plasma

approaches equilibrium, or more precisely, local thermody-

namic equilibrium (LTE). While LTE considerations imply

both kinetic (T
c
= T

h
) and chemical equilibrium in the

plasma as a whole, local deviations from LTE conditions

can, and do, exist under thermal plasma conditions, espe-

cially in the presence of steep temperature gradients. Typi-

cal examples of thermal plasmas are those produced by dc

transferred arcs and plasma torches or in radio frequency

(RF) inductively coupled discharges10). 

A DC arc jet enables the production of a hot ionized flame

of up to 10000K; the high velocities ranging from hundreds

of m/s to several thousands of m/s result in very short resi-

dence times of the precursors injected into the arc jet flame.

Accordingly, massive evaporation of the injected microme-

ter-sized powders is normally inhibited, and then, the con-

secutive re-synthesis of nanoparticles from the evaporated

powders is restricted. On the other hand, a conventional

oxygen flame often fails to spheroidize the injected powders

as the enthalpy provided by this flame can only melt their

surface; then, the treated powders can easily acquire a fila-

ment shape7). 

Meanwhile, the competitive advantages of RF plasma pro-

cessing originate from its huge enthalpy available for mas-

sive evaporation and its extremely high quenching rate for

the formation of spherical ultra-fine particles. The RF ther-

mal plasma can produce not only a hugely high temperature

flame of from 5000 to 10000K but also a relatively long resi-

dence time that is enough to melt and evaporate the refrac-

tory materials, such as alumina, zirconia, and titania. In a

RF induction plasma torch, energy coupling to the plasma is

accomplished through the electromagnetic field of the

induction coil. The plasma is confined in a water-cooled

quartz or ceramic tube with several gaseous streams intro-

duced into the discharge. These include the sheath gas,

which serves to reduce the heat flux to the walls of the

plasma confinement tube and thus protect it from damage

due to overheating. The central gas mainly serves for

plasma stabilization and is often introduced into the dis-

charge with both axial and tangential velocity components.

The powder gas is axially injected into the center of the dis-

charge using a water-cooled probe. It serves to introduce the

materials to be treated in the plasma5,6).

From the flow and temperature fields given in Fig. 1, it is

noted that the plasma is considerably larger in volume than

the corresponding DC plasma at the same power level. The

local power density is therefore lower, as is also the maxi-

mum plasma temperature, which is on the order of 10000K.

Because of the nature of the coupling mechanism that limits

energy dissipation to the outer annular region of the dis-

charge, the maximum plasma temperature is off-axis, with

the central region of the discharge heated by conduction and

convection from its surroundings. This offers a particularly

attractive means of in-flight processing of materials through

their axial injection of the material into the center of the

discharge without disturbing the current carrying regions of

the plasma.

3. Experimental 

3.1. Preparation

A schematic drawing of the RF-plasma system apparatus

is shown in Fig. 2. Generation of argon plasma was pro-

cessed as follows. The glow discharge of Ar was generated in

a silica tube using a 10 MHz RF generator with 35 kW of

maximum output power (Model SYS-51, TEKNA Plasma

System, Canada). After generation of glow discharge, Ar

sheath gas was introduced from the outer injection port,

and then oxygen as quenching gas was introduced from a

gas line. Each gas flow rate was adjusted using mass flow

Fig. 1. Schematic of RF Plasma torch and the associated
temperature and flow fields in the discharge.
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controllers, and then the total gaseous pressure was main-

tained at 9.0 psi. The output power of the RF generation

was kept constant at 30 kW. 

In the present study, Dy
2
O

3
 (≥99%, Shinetsu, Japan), SiO

2

(≥99%, Aerosil, USA) and MgO (≥99%, Ube, Japan) were

used as source materials. These are commonly used source

materials in preparing additives in dielectrics of MLCC.

They were heated to about 1000oC to prevent agglomeration

of the source materials. The Dy
2
O

3
/SiO

2
/MgO mixture in Ar

carrier gas was introduced into the Ar plasma flame from

the central injection pipe of the plasma torch. The intro-

duced source materials were decomposed to ions and atoms

in the plasma flame and then grew to nanocrystals in the

plasma tail flame. The fume of the nanoparticles was flowed

down in a stream and deposited in a vessel for powder col-

lection. The typical experimental conditions are summa-

rized in Table 1.

3.2. Characterization

The average size and morphology of uni-nanoadditives

and microstructure of the sintered specimen were observed

by field emission scanning electron microscope (FE-SEM,

Model JSM6700F, Jeol, Japan). Compositional analysis and

confirmation of core shell structure in microscope regions

using transmission electron microscopy (TEM, Model

G2F20, FEI, France) were performed by energy dispersion

X-ray.

The dispersion property of uni-nanoadditives was observed

by Electron Probe Micro Analyzer (EPMA, Model SX100,

Cameca, USA).

The capacitance of the sintered specimen with In-Ga

paste on both surfaces was measured in the temperature

range of −25 to 150oC at 1 kHz, 1Vrms using an Agilent

4284A precision LCR meter. 

4. Results and Discussion

The uni-nanoadditive products prepared under the condi-

tions of Table 1 were observed using a FE-SEM. Figs. 3(a)

and (b) give images of the mixed source materials and the

plasma treated uni-nanoadditives, respectively. The nano-

particles in Fig. 3(b) shows spherical shapes without

agglomeration. Particle size distribution of uni-nanoaddi-

tives in Fig. 4 was investigated by counting 100 nanoparti-

cles in the FE-SEM images. D
10

, D
50

, D
90

 and D
99

 were

estimated to be 24 nm, 33 nm, 47 nm and 63 nm, respec-

tively. The BET is 46.7 m2/g.

Fig. 5 shows EPMA images of sheet using mixed additives

and uni-nanoadditives, respectively. EPMA results in Fig. 5

have been shown to have a high dispersion property of uni-

nanoadditives compared to mixed additives in MLCC. It is

expected that the microstructure of dielectrics improved

because of the well-developed core-shell structure without

Fig. 2. Schematic drawing of RF Plasma system apparatus.

Table 1. RF Plasma Conditions for Preparing Uni-nanoadditives

Power
Plasma gas

Quenching gas Reactor pressure Feed rate
Sheath Central Powder

30 kW 50 slpm 24 slpm 6 slpm 100 slpm 9 psi 2.7 g/min

Fig. 3. FE-SEM images of (a) mixed source materials and (b)
plasma treated uni-nanoadditives.
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agglomeration of additives such as Dy, Si and Mg.

The sintered specimen manufactured using the uni-

nanoadditive, core-shell structure was observed easily, com-

pared to the specimen using mixed additives, as shown in

TEM micrographs (Fig. 6). The arrows in Fig. 6(b) indicate

the core-sell grains. It is difficult to distinguish clearly the

core region and the shell region just from Fig. 6(a) because

the small shell region is not large enough for the observa-

Fig. 4. Particle size distribution of uni-nanoadditives counted
FE-SEM (Dx : X wt% diameter).

Fig. 5. EPMA images of sheet (a) using mixed additive and
(b) using uni-nanoadditives.

Fig. 6. Transmission electron micrographs of typical core-
shell grains in sintered specimen; sheet manufactured
using (a) mixed additives and (b) uni-nanoadditives.

Fig. 7. EDS line profile images of typical core-shell grains in
sintered specimen by TEM ; sheet manufactured
using (a) mixed additives and (b) uni-nanoadditives.
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tion of the core-shell structure. The formation of the small

shell or only the core is the cause of the segregation of

additives because of a failure of dispersion. However, the

uni-nanoadditives are dispersed uniformly around the

BaTiO
3
 powders without agglomeration and form the

homogeneous shell. 

As mentioned in a previous study11), a rare-earth element

plays a dominant role in forming the shell, so the core-shell

structure grains in Fig. 7 were analyzed for the distribution

of Dy. In the sintered specimen manufactured using mixed

additives, the Dy fraction in the core was large, but the Dy

fraction in the shell was small, compared to the specimen

using uni-nanoadditives. That is, the portion without shell

in the core-shell grains of the specimen using mixed

additives is larger than that of the specimen using uni-

nanoadditives. However, the sintered specimen manufactured

using the uni-nanoadditive has more well-developed core-

shell structured grains, which is confirmed by the

distribution of Dy by EDS line profile in Fig. 7(b). As men-

tioned before, uni-nanoadditives could be surrounded

around grains sufficiently due to a large enough dispersion

of the additive. It can be seen that the Dy fraction in the

core was small, but the Dy fraction in the shell was large.

The microstructure of the specimen, through increasing of

the sintering temperature from 1140 to 1185oC, was investi-

gated by FE-SEM, with the results presented in Fig. 8. It

can be seen that the microstructure of the sintered

specimen manufactured using uni-nanoadditives is more

homogeneous at the same temperature than the specimen

manufactured using mixed additives. As mentioned above,

the uni-nanoadditives are disperse uniformly around the

BaTiO
3
 powders without agglomeration and promote the

sintering of the BaTiO
3
 powders. 

Fig. 9 shows the temperature coefficient of capacitance

(TCC) vs. temperature curves of the specimens as a function

of sintering temperature. The sintered specimen using

mixed additives showed a curve of typical abnormal grain

growth specimen, exhibiting a sharp peak. The peak was

increased with the increase in sintering temperature, which

resulted from grain growth. The sintered specimen using

uni-nanoadditives, however, showed broad curves in all

temperature ranges. It can be seen from Fig. 8 that the

grain of the sintered specimen using uni-nanoadditives

grew homogeneously because of the well-dispersed

additives. The broad TCC curve is cause by homogeneous

grain growth. 

5. Conclusions

In the present study, uni-nanoadditives for MLCC were

synthesized in all collection areas by RF plasma system

using Ar injection into the plasma flame. The mean size of

Fig. 8. FE-SEM images in microstructure of sintered speci-
men; sheet manufactured using (a) mixed additives
and (b) uni-nanoadditives.

Fig. 9. Temperature coefficient of capacitance curves of the
specimens as a function of sintering temperature; (a)
1140 oC, (b) 1160 oC, (c) 1175 oC, and (d) 1185oC.
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the uni-nanoadditive is about 33 nm, and shows spherical

shapes without agglomeration.

The uni-nanoadditives were identified by EPMA observation

to be well dispersing in dielectrics. Results were estimated

for core-shell structured grains of the sintered specimen

using TEM and EDS analysis. The uni-nanoadditives are

dispersed uniformly around the BaTiO
3
 powders without

agglomeration and form the homogeneous shell. The

sintered specimens manufactured using uni-nanoadditives

have more well-developed core-shell structured grains and

are confirmed by the distribution of Dy by EDS line profile.

They also have homogeneous microstructures without

abnormal grain growth.

The sintered specimens manufactured using uni-

nanoadditives showed broad TCC curves in all temperature

ranges because of the well dispersed additives. 
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